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Chemical functionalization of nanotubes, in which their properties can be combined with those of other

classes of materials, is fundamental to improve the physicochemical properties of nanotubes for potential

technological applications. In this work, we theoretically and experimentally examine the Pauson-Khand
reaction (PKR) on zig-zag, armchair, and chiral single-walled carbon nanotubes (SWCNTSs). Our bench-
marked density functional theory (DFT) calculations show that an alternative pathway to the widely
accepted Magnus reaction pathway has significantly lower energy barriers, thus suggesting the use of this
alternative pathway to predict whether a PKR on SWCNTs is favored or hampered. Accessible energy bar-
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rsc.li/nanoscale ized in the laboratory.

Introduction

First reported in the early 1970s by Pauson and Khand et al.,
the [2 + 2 + 1] cycloaddition between an alkene, an alkyne, and
a carbon monoxide unit (CO) leads to the formation of cyclo-
pentenones mediated or catalyzed by a transition metal; orig-
inally a complex of cobalt(0) (see Scheme 1)."* This chemical
transformation, usually termed as the Pauson-Khand reaction
(PKR), has gained attention within the field of organic chem-
istry since many natural products can be synthesized from
it.*'® Besides cobalt, also other transition metals perform well
in the PKR such as rhodium,"**" ruthenium,**** palladium,**
iridium,>>?® iron,””*® tungsten,”® molybdenum,***" and
chromium.**??
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riers of up to 16 kcal mol™ are estimated and our results suggest that semiconducting SWCNTs react
faster than metallic ones, although both types can be functionalized. Guided by our theoretical predic-
tions, cyclopentenones are successfully attached to SWCNTs by heating and are, subsequently, character-

The PKR depends upon steric and electronic factors. From
Scheme 1, one would expect up to sixteen different isomers;
two regioisomers due to the groups X; and X, in the alkene,
two regioisomers because of the groups X; and X, in the
alkyne, and four enantiomers originating from each one of the
four mentioned regioisomers. However, the alkene stereo-
chemistry remains intact according to the reaction mechanism
and only two stereoisomers are possible. That is, in the case of
cis-alkenes the groups in stereocenters X; and X, always end
up on the same side of the ring. In this regard, the theoretical
products of a PKR may be predicted based on steric argu-
ments, but selectivity also depends on electronic factors. That
is, the carbon atom of the alkyne substituted by an electron-
donating or a larger group usually ends up at the a-position in
the resulting cyclopentenone, leaving the p-position to the
alkyne carbon atom substituted by an electron-withdrawing or
a smaller group as depicted in Scheme 1. These observations

electron-donating
or larger group

0

electron-withdrawing /
or smaller group

Scheme 1 The Pauson—Khand reaction and its regiochemistry.
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were confirmed by analyzing a series of alkynes with substitu-
ents electronically and/or sterically differentiated.>*> In fact,
based on a study regarding diarylalkynes, it can be demon-
strated that the alkyne polarization via inductive effect has a
significant impact on the regioselectivity of the PKR.***”

The scope of the PKR and variations thereof encompasses
several functional groups.*® Two approaches can be distin-
guished: intramolecular and intermolecular PKR. In the case
of the intramolecular version, some of us previously demon-
strated that fulleropyrrolidines endowed with one or two pro-
pargyl groups at the C-2 position of the pyrrolidine ring (1,6-
enynes) undergo the PKR leading to cyclopentenones fused to
the fullerene moiety.>>*° On the other hand, there are studies
in which cyclopentenones are successfully synthesized via
intermolecular PKR;''™** although this approach is more
limited since olefins without strain are poorly reactive with the
exception of ethylene.*>*® Studies on the chemical functionali-
zation of carbon nanostructures via the PKR are rather scarce
and, to our knowledge, this cycloaddition has not been
studied in single-walled carbon nanotubes (SWCNTs) yet.
These materials have attracted interest due to their remarkable
physical properties.””>* Besides, functionalized SWCNTs have
become useful assemblies in the fields of materials, medical,
and biological sciences.>*® Nonetheless, the actual appli-
cation of these materials may be hindered because their selec-
tive purification is hard to achieve due to their poor solubility
in conventional solvents or the formation of agglomerates
because of strong n-stacking tendencies.’””® These problems
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can be partially or totally solved with proper chemical
modifications.’*®? In view of that, in this contribution the
PKR in SWCNTs is first quantum-chemically explored with the
aim of analyzing whether the PKR can be a suitable synthetic
strategy for the chemical functionalization of SWCNTs. Then,
the PKR is experimentally proved and added to the toolbox of
chemical reactions useful to functionalize SWCNTs.

The generally accepted reaction mechanism was initially
proposed by Magnus et al;**®* subsequently, theoretical
studies by Nakamura® and Pericas®® et al. based on density
functional theory (DFT) corroborated the main steps of the
reaction. Within the purposes of the current manuscript, a
graphical representation of the overall PKR mechanism in
SWCNTs with 2-heptyne as the alkyne and catalyzed by
dicobalt octacarbonyl [Co,(CO)sg] is provided in Scheme 2.

Results and discussion

This section is outlined as follows. Computational investi-
gations are firstly introduced starting with the description of
the models used in the quantum-chemical modeling of reac-
tions in SWCNTs. The main goal in this subsection is to vali-
date the approach implemented in the current study. After
that, the complexation step is discussed in detail to introduce
an alternative pathway to the generally-accepted mechanism.
The PKR in armchair, zig-zag, and chiral SWCNTs with
2-heptyne is described in the following subsections (the PKR
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Scheme 2 Mechanism of the Pauson—Khand reaction in single-walled carbon nanotubes with 2-heptyne as the alkyne and dicobalt octacarbonyl
[Co,(CO)gl as the catalyst. (a) Complexation between Co,(CO)g and 2-heptyne. (b) Progress of the reaction from the nanotube insertion. Blue and
green labels respectively correspond to the alternative and generally-accepted pathways. The alternative pathway converges to the generally-
accepted mechanism from CP5 (black labels). Labels given as in a previous work®® along with subscripts indicating what carbon atom of the alkyne

react first: the one linked to methyl “me” or butyl "bu”.
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with acetylene is illustrated in Fig. S1,T see also related discus-
sion). Then, the main factors inducing the regioselectivity of
the PKR are analyzed in terms of structural conformations and
electronic interactions. Finally, experimental investigations
demonstrating the successful synthesis of cyclopentenones
attached to SWCNTs provide evidences that strengthen the
conclusions achieved from the quantum-chemical study.

All mechanisms are formulated under the following
description (see Scheme 2). In the initial step, that is com-
plexation, Co,(CO)g releases two CO and coordinates with the
alkyne substrate. The resulting complex of cobalt, CP1, reversi-
bly releases a third CO thus forming CP2. Then the wall of a
SWCNT reaches the coordination sphere of a cobalt atom with
a vacant site in CP2 and forms CP3. Upon the reversible
SWCNT coordination, the SWCNT insertion takes place result-
ing in the formation of a cobaltacycle, CP4. Then, this inter-
mediate recovers one CO giving rise to CP5. The resulting
cobaltacycle in CP5 can be formed via an alternative pathway,
in which both first coordination spheres of the two cobalt
atoms keep six CO units instead of five through every step (see
pathway starting from CP1’ in Scheme 2b). This step is impor-
tant because the course of the PKR is usually determined by
the nanotube insertion since the regiochemistry and stereo-
chemistry of the final adduct can be controlled from this step.
The CO insertion generates the next intermediate, CP6, and a
subsequent coordination of another CO to cobalt gives rise to
CP7. A reductive elimination leads to the pre-product, PD, and
the decomplexation step produces the final adduct, PK. The
theoretical work is therefore based on this description for the
PKR in SWCNTs with acetylene or 2-heptyne as the alkyne.
2-Heptyne is included in this study because it reduces experi-
mental difficulties associated to the manipulation of acetylene;
besides, results based on an asymmetric alkyne strengthen the
conclusions derived in this work.

Computational investigations

Modeling chemical reactions in SWCNTs. Before formulat-
ing the reaction mechanisms of interest, it is convenient to
describe the models used to reach the purposes of this work.
Quantum-chemical modeling of chemical reactions in
SWCNTSs can be appropriately done with chemical structures
regarding the Clar theory (see Scheme 3a and b).®””"? Clar net-
works are more stable than their counterpart Kekulé structures
as aromaticity provides some extra stability to conjugated
systems.”*””’ Following this order of ideas, the PKR is studied
by taking into consideration an armchair SWCNT with chiral
indices (5,5) (6.78 A of diameter) and a zig-zag SWCNT with
chiral indices (9,0) (7.05 A of diameter). The length of both
structures is 3-Clar unit cells [ca. 12.20 A for (5,5)-SWCNT and
11.20 A for (9,0)-SWCNT]. Some advantages can be achieved by
using Clar networks since these are fully benzenoid structures,
have a closed-shell singlet ground state with frontier molecular
orbitals entirely delocalized, and faster convergence can be
reached in their electronic properties with respect to the
number of unit cells. All these features are not true for conven-
tional models of SWCNTs. For instance, the ground state of a

15080 | Nanoscale, 2018, 10, 15078-15089
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Scheme 3 Graphical representation of Clar's aromatic n-sextet rule in
(a) phenanthrene, and (b) a 2-cell SWCNT. The rule states that a Clar
structure is the one with the largest number of aromatic n-sextets, and it
better agrees with experimental evidence. (c) The SWCNT structures
studied in this work. The picture also illustrates the cycloadditions to the
parallel, oblique, and perpendicular positions relative to the nanotube
axis.

non-Clar (9,0)-SWCNT 1is a quintet spin state with the four
frontier electrons completely localized at the edges of the
nanotube.®”””® The Clar structures considered in this manu-
script and the available reaction sites for the PKR are depicted
in Scheme 3c, as well as the Clar unit cells for (6,5)- and (8,0)-
SWCNT. Additionally, metallic SWCNTs are defined with the
(m,n) chiral indices, semimetallic with (7,0) (n a multiple of 3),
and otherwise they are semiconductors.

The complexation step. Among all the chemical species
shown in Scheme 2a, only CP1 has been completely isolated
and characterized.”” Some photochemical studies reveal the
successful trapping of intermediates like CP2, in which cobalt
is not only coordinated to an alkyne but also to other
species.®*® We are not aware of any study regarding the trap-
ping of an isolated CP2. Moreover, McGlinchey et al. demon-
strated that elimination of CO to form CP2 can be difficult for
some ethynyl complexes; in addition, they concluded that
some pentacarbonyl complexes, CP2, do not continue along
the Magnus pathway because of the unfavorable relative orien-
tation of the cobalt-coordinated alkyne and alkene.®*

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Main bond distances (in A) for the structures involved in the
complexation step. A shaded region represents a vacant site on a cobalt
atom.

Some bond distances for the CP1 (CP1’) and CP2 (CP2')
structures formed with acetylene are shown in Fig. 1. In all the
cases, the C-C bond shows a double-bond character (typical
ethylene C-C bond distance, ca. 1.33 A). The Co-Co distance
enlarges when the number of coordinated CO ligands
increases going from 2.36 A in CP2 to 2.47 A in CP1 and from
2.43 A in CP2' to 2.50 A in CP1'. The four C(alkyne)-Co bond
distances remain more or less constant in CP1 and CP2, 1.96
and 2.01 A, respectively.

The CP1’' and CP2’ structures differ from CP1 and CP2 in
the coordination of one CO unit as it is p,-coordinated to both
Co atoms. As a matter of fact, CO-bridging ligand complexes
have been previously reported.®> Moreover, the distances of
1.83 and 2.96 A in CP1’ between C-Co suggest that only one Co
atom is n*coordinated to the alkyne, and the other is n'-co-
ordinated. A similar observation is done for CP2'. As a conclud-
ing remark, a vacant site in cobalt, wherein the coordination
with an olefin can occur, like the one in CP2 can be also
formed without releasing another CO from CP1 due to a
simple geometrical rearrangement leading to CP1’ (see Fig. 1).

The analysis outlined in this subsection has direct conse-
quences in the energetics and, in turn, the formulation of the
reaction mechanism for the PKR. The relative thermodynamic
stability of the CP1 (CP1’) and CP2 (CP2') structures is reported
in Table 1. The CP1’ structure seems to describe better the
complexation step based on thermodynamic arguments,

Table 1 Comparison of relative electronic and Gibbs energies

(in kcal mol™) for structures formed in the complexation step

Acetylene 2-Heptyne

Species AEq AG,q Species AE.q AGie

CP1 0.0 0.0 CP1 0.0 0.0

cr1’ 16.5 16.7 CP1',,e 17.5 15.8

CP2 56.9 43.9 CP1'p, 18.7 16.0

cp2’ 70.7 58.2 CP2 56.3 40.6
CP2 e 72.6 58.4
CP2'y, 73.8 59.4

This journal is © The Royal Society of Chemistry 2018
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which is attributed to the fact that the decoordination of
another CO from CP1 to form CP2 (CP2’) leads to a Co atom
that disobeys the 18-electron rule, which is not common for
the first-row transition metals like cobalt, thus causing a
strong thermodynamic destabilization of the species.

In the case of the structures formed with 2-heptyne, there
are two regioisomers of CP1' and CP2’ which depend on the
group that is linked to the cobalt atom with the vacant site.
For instance, CP1',,, means that the alkyne carbon atom with
the methyl group is linked to the metal with the vacant site,
then this carbon atom undergoes first the alkene or SWCNT
insertion. As illustrated in Table 1, the thermodynamic stabi-
lity follows the sequence CP2'p, < CP2',,, < CP2 < CP1'y, <
CP1',,. < CP1, and once again the CP1',,, and CP1'p, structures
are more suitable to describe the complexation step.

Nakamura’s DFT-results in the case of the electronic energy
of CP2 with acetylene strongly differ from ours. They calcu-
lated an electronic energy of CP2 relative to CP1 of 26.4 and
21.2 kecal mol™' at the B3LYP***/631LAN and B3LYP/
6311SDD//B3LYP/631LAN levels of theory, respectively.®® In
this regard, Table 1 shows that CP2 is highly destabilized since
its electronic energy is 57 kcal mol™" higher than that of CP1.
It is not easy to identify the reason of such a large difference.
It could be related to the use of a different hybrid functional
along with gaussian basis sets in Nakamura’s calculations.
Nevertheless, it is likely that the main difference comes from
the methodology used by Nakamura and coworkers that does
not include relativistic corrections via the zeroth-order regular
approximation, the frozen-core approximation, solvent effects
associated to a large dielectric constant (33.0), and dispersion
corrections (see below Computational details). However, as far
as we know, there are no studies regarding structures like
CP1', which certainly is more stable than CP2. Even if we are
overestimating the energy of both complexes, CP1’' in fact
keeps six CO units so that the 18-electron rule is fulfilled in
the cobalt atom with the vacant site thus gaining stability,
unlike the cobalt atom in CP2 with the vacant site generated
by the removal of CO from CP1.

The PKR in metallic SWCNTs. A detailed discussion con-
cerning the complexation step was given in the previous sub-
section with the aim of introducing an alternative reaction
pathway to the generally-accepted Magnus mechanism.®*®* In
this subsection, both mechanisms are compared for the PKR
in metallic (5,5)-SWCNTs. Changes in Gibbs energy are given
with respect to the energy of CP1 since the formation of this
complex is common for any PKR, although it is formed in a
preactivation step from Co,(CO)g and acetylene or 2-heptyne
with an energy cost of AG ~18 kcal mol ™.

The nomenclature defined in Schemes 2 and 3c is jointly
adopted in this subsection; that is, if the alkyne carbon atom
with the methyl group is initially linked to the oblique position
of the nanotube, then a PK adduct can be generated in what
we called the “methyl” pathway, PK, o5 (Fig. 2a). The distinc-
tion in the reaction pathways is given by the nanotube inser-
tion. Because of symmetry arguments, only one PK adduct at
the perpendicular position is possible, PKy, .- Nonetheless,

Nanoscale, 2018, 10, 15078-15089 | 15081
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¢) Perpendicular cycloaddition, methyl pathway
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Fig. 2 Gibbs energy profiles in kcal mol™ for the Pauson—Khand reaction with 2-heptyne in (5,5)-SWCNT. Blue and green lines respectively corres-
pond to the alternative and generally-accepted pathways. The alternative pathway converges to the generally-accepted mechanism (black lines).

it can be observed in Scheme 3c that the formation of PK at
the oblique position can be done via two pathways. Given the
insertion of one carbon of the alkyne to one carbon localized
at the perpendicular position of the nanotube, the cyclo-
addition leading to PK can evolve to either the perpendicular
or oblique position; labeled the latter as PK,e op. Otherwise,
the produced adduct is PK*,, .5 Therefore, six PK adducts
can be differentiated: PKyueont;, PK*meobt; PKimepers PKpuobiy
PK*p,, 051, and PKp,, per; wherein the three later adducts are ori-
ginated when the alkyne carbon atom with the butyl group is
linked to the nanotube, i.e. via the “butyl” pathway.

A graphical representation of the different pathways related
to the PKR in (5,5)-SWCNT with 2-heptyne is given in Fig. 2.
The nanotube coordination in the Magnus mechanism is an
endergonic process forming CP3 from CP1 by more than
26 kecal mol™ with an energy barrier of 40.6 kcal mol™'. On
the other hand, this step is slightly exergonic with an energy
barrier of ca. 16 kcal mol™" in the alternative pathway that
leads to a reactant complex RC. Then, within the Magnus
mechanism, the nanotube insertion is an exergonic process to
form CP4 from CP3 which releases from 2 to 11 kcal mol™*,
except for the slightly endergonic process via a methyl oblique
cycloaddition (forming CP4*,,.5). The energy barriers in
these cases range from 11 to 39 kcal mol™", being the lowest
and highest ones via TS1p,0p and TS1,. ., respectively.
These results suggest that the nanotube insertion through the
Magnus mechanism should occur at the oblique position and
via the butyl pathway. In contrast, the nanotube insertion via
the alternative pathway is an endergonic process requiring an
energy from 3 to 10 kcal mol™" to form CP5 from RC. This step
has an energy barrier from 23 to 39 kcal mol™, being the

15082 | Nanoscale, 2018, 10, 15078-15089

lowest and highest ones through TS1'pe0p and TS1'pe per,
respectively. As a result, the oblique methyl pathway is kineti-
cally favored in the alternative pathway. Even though the nano-
tube insertion via the Magnus mechanism is thermo-
dynamically and kinetically favored as compared to the
alternative one, the nanotube coordination is certainly ham-
pered. However, although structures like CP3%%®° and CP4®°
had been previously discussed, thus supporting the original
idea of Magnus, some CP3-like structures were found to
hamper the course of the PKR due to an unfavorable relative
orientation of the cobalt-coordinated alkyne and alkene.®*
Consequently, we conclude that the Magnus mechanism is
only favored in those cases in which CP3 is more stable than
CP1’; electronic factors like the double-bond delocalization in
SWCNTs and the steric hindrance bring about a destabiliza-
tion of CP3 resulting in a non-operative Magnus pathway in
PKRs involving SWCNTs. Therefore, a favored or hindered PKR
may be predicted by TS1' rather than TS1 in terms of kinetic
arguments. Consequently, the PKR at this stage of the reaction
should preferably proceed via TS1',, 05 because of the lowest
energy barrier of 22.6 kcal mol™.

Henceforth, the alternative pathway converges to the
Magnus mechanism such that the following steps are identical
for both pathways. The CO insertion is an endergonic process
which requires an energy from 5 to 18 kcal mol™" to form CP6
from CP5. The energy barriers in these cases range from 13 to
20 kecal mol™, being the lowest and highest ones via TS2* 4, 0p1
(TS2*puper) AN TS2e 061 (TS2ime,pers TS2pu,0b1), TeSpectively.
Based on these results, it can be concluded that the oblique
butyl pathway is kinetically favored at this stage of the reac-
tion. TS2*,, 05 is 6.9 kcal mol™" lower than TS2,. ep-

This journal is © The Royal Society of Chemistry 2018
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Nevertheless, it should be taken into consideration that in the
previous step TS1™*p, op is 5.6 keal mol™" higher than
TS1' e, 051- Subsequently, the PKR should rather proceed via the
oblique position, although both methyl and butyl pathways are
feasible so far.

The formation of CP7 from CP6 is an exergonic process
releasing an energy from 15 to 20 kcal mol™'; then the for-
mation of PD is strongly thermodynamically favored because
more than 36 kcal mol™" are released through the reductive
elimination step. The energy barriers for such a step range
from 2 to 13 kcal mol™, being the lowest and highest ones
through TS3,. per and TS3y, o5, respectively. With the excep-
tion of TS3p,, 0p1, the energy barriers through the distinct path-
ways are nearly identical since the energy differences among
them is less than 2 kecal mol™; therefore, the PKR proceeds
indistinctly at this stage of the reaction. The formation of the
PK adduct occurs releasing ca. 70 kcal mol™" in all the cases.
Overall, based on Fig. 2, it is concluded that the turnover-fre-
quency determining intermediate (TDI) and transition state
(TDTS)**** are respectively RC and TS1' (TS2,, 05 has almost
the same energy as TS1',,¢ 05 and both could be considered
TDTSs in this case). On the other hand, CP1 is the TDI and
TS1 is the TDTS for all the Magnus pathways with energy bar-
riers ranging from 41 to 66 kcal mol™". These results suggest
that the alternative pathway is certainly more efficient for the
PKR, being the oblique methyl pathway the kinetically most
favored with an effective energy barrier (the so-called energetic
span) of 22.6 kcal mol™ via TS1 e op- As a result, this
functionalization is indeed viable under laboratory conditions.

The previous analysis is exactly done in the case of the PKR
regarding acetylene resulting in no mechanistic differences
(see Fig. S17); therefore, here we only report the most relevant
results. That is, the determinant states are CP1, CP2 and TS1';
wherein CP1 is the TDI in any case, yet the TDTS is CP2 in the
Magnus mechanism leading to an energy barrier of 43.9 kcal
mol~". On the other hand, TS1' is the TDTS for the alternative
pathway with a more effective energy barrier of 29.4 kcal mol ™
via TS1',p;. As a matter of fact, our results suggest that the PKR
in (5,5)-SWCNT with acetylene could be difficult to proceed in
the laboratory in view of that an energy barrier of at least
29.4 keal mol ™, via TS1',y;, must be overcome.

The PKR in semimetallic SWCNTs. In the case of the PKR in
(9,0)-SWCNT with 2-heptyne, the cycloaddition can occur at
the parallel and oblique positions with respect to the nanotube
axis; then six PK adducts can be differentiated analogous to
the previous subsection. The nanotube coordination in the
Magnus pathway must overcome an energy barrier of 40.6
kecal mol™ in an endergonic process by 24.4 kcal mol™ to
form CP3,,, (or 26.4 kcal mol™" to form CP3p,). The nanotube
insertion leading to CP4,c pqr from CP3,,. involves an energy
barrier of 23.6 kcal mol™ in an endergonic process by
17.4 kecal mol™'. However, given that CP1 is the TDI and
TS1,epar is the TDTS in the Magnus mechanism, the overall
energy barrier reaches 48.0 kcal mol™" (see Fig. 3). Even though
we did not perform calculations for the other five pathways (i.e.
via TSlme,obl; TSl*me,obl; TSlbu,pan TSlbu,obb and TSl*bu,obl):
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Fig. 3 Gibbs energy profiles in kcal mol™ for the Pauson—Khand reac-
tion with 2-heptyne in (9,0)-SWCNT via the parallel methyl pathway.
Blue and green lines respectively correspond to the alternative and gen-
erally-accepted pathways. The alternative pathway converges to the
generally-accepted mechanism (black line).

the current outcomes and the results obtained in the former
subsection suggest that the Magnus mechanism is kinetically
less favored. In view of that, now we focus on the cycloaddition
via the alternative pathway to (9,0)-SWCNT with 2-heptyne;
indeed, unlike the Magnus mechanism, this pathway is an
exergonic process releasing from 5 to 7 kcal mol™" to form RC
with a lower energy barrier of ca. 16 kcal mol™" via CP1'.

The nanotube insertion via the alternative pathway is an
endergonic process requiring an energy gain from 13 to
28 kecal mol™ to form CP5 from RC. Energy barriers in this
step range from 27 to 46 kcal mol™', being the lowest and
highest ones through TS1'yper and TS1'*,, .5, respectively
(details in Table S1t). As a result, the parallel methyl pathway
is kinetically favored in the alternative mechanism. According
to Fig. S1t and related discussion, the same result is obtained
for the nanotube insertion of acetylene considering all poss-
ible reaction pathways. Therefore and because of the size of
the systems, henceforth we only describe the parallel pathway
which is the most reactive position (see Fig. 3).

The CO insertion is an exergonic process which releases
17.2 and 24.4 kcal mol™", respectively, to form CP6,¢ par and
CP6p,, par from CP5,,¢ par and CP5y,, 54 The energy barrier in
this step is small, ca. 2 kecal mol™". The reductive elimination
Vi@ TS3,pe, par OCCUrs with a lower energy barrier (9.0 keal mol ™)
as compared to TS3p,,q (12.0 keal mol™"); as a result,
the parallel methyl pathway is still kinetically favored. The for-
mation of PD and PK is given with an energy stabilization of at
least 36 kcal mol™". In general, in both the methyl and butyl
pathways, the TDI is RC and the TDTS is TS1’, being the lowest
energy barrier via TS1'je par, 27.2 keal mol™. Then, in view of
the effective energy barrier of 22.6 kcal mol™" for the PKR in
(5,5)-SWCNT with 2-heptyne, we conclude that the armchair
SWCNTs react faster than the semimetallic zig-zag ones.

Finally, in the case of the PKR considering acetylene, the
TDTS is TS1' in the alternative pathway and the energy barrier
of 29.2 keal mol™" via TS1',,, is at least 3.8 kcal mol™" lower
than the ones in the oblique pathways; indeed, it is a more
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effective activation energy than that of 43.9 kcal mol ™" via the
Magnus mechanism. Besides, since PK,,, is the most stable
adduct, it is concluded that the parallel pathway is the most
kinetically and thermodynamically favored reaction mecha-
nism. As a final remark, it should be noticed that the energy
barrier of 29.2 kcal mol™ via TS1'pqr in (9,0)-SWCNT is identi-
cal to that one via TS1yy in (5,5)-SWCNT, 29.4 kcal mol™;
therefore, both metallic armchair and semimetallic zig-zag
SWCNTs may not be thermally functionalized with acetylene
under laboratory conditions.

The PKR in semiconducting SWCNTSs. Based on the results
from the previous subsections, we study the PKR with
2-heptyne for semiconducting SWCNTs only at the TDTS of
the alternative pathway, TS1'. The selected models are the
3-Clar unit cells (6,5)- and (8,0)-SWCNT with diameters of 7.47
and 6.26 A, respectively. The energy barrier via TS1',,¢ 0p1 for
(6,5)-SWCNT and TS1',;¢ pr for (8,0)-SWCNT is 15.1 keal mol™*
in both cases; the TDTS is CP1’ since the energy cost for its for-
mation is 15.8 keal mol™". These results suggest that the semi-
conducting SWCNTs react faster than any other ones. Then,
given that the diameters of the SWCNTs under study are
almost identical, within a range of 1.3 A, we conclude that elec-
tronic factors are more important than the effect of the curva-
ture. However, a reduced reactivity is expected as the diameter
increases.®”%*

Origin of the regioselectivity of the PKR in SWCNTs.
Scheme 1 illustrates the dependence of the PKR on either
structural conformations or electronic interactions. To explain
the regioselectivity of the PKR in SWCNTs, we make use of the
activation strain model (ASM),”>™°® also known as the distor-
tion/interaction model.”*°> The ASM is a helpful tool to
better understand the origin of energy barriers. These barriers
are analyzed in terms of strain and interaction energies
between the fragments participating in the formation or
rupture of chemical bonds. In the ASM, activation energies
can be separated into strain and interaction energies, i.e., AE*
= AE! . + AE! . The strain energy AE' . is the energy
required to deform reactants from their equilibrium geometry
into the geometry they acquire in the activated complex; and
the transition state interaction AEitm is the interaction energy
between the deformed reactants in the transition state. This
model can be extended through all the structures along a reac-
tion coordinate; but here in Table 2 we only focus on all the
TDTS structures under study, that is TS1'.

The ASM is firstly discussed for TS1' with (5,5)-SWCNT. In
the case of 2-heptyne, larger differences in AEfHam( f1) are
observed, yet the oblique pathway results in significantly
smaller deformation (ca. 12 kecal mol™") in the nanotube by at
least 9 kcal mol~". CP1 is distorted with AE' . (f2) ranging
from 66 to 69 kcal mol™, except for TS1*pyom (641
keal mol™") and TST e o3z (62.9 keal mol ™). AEL results in =70 +
2 keal mol™ for all the cases with the exceptions of TS1%,,.¢ ob1
(—78.8 keal mol™") and TS1'*p,, 5 (—80.4 kecal mol™"). Despite
AE?m for TS1'*,,,c opr and TS1'%p,, 5y are the most favored ones,
their AE’, . are the highest ones; in fact, even though AE!

strain
for TS1' e 0ps is NOt the most favored, AE} is the lowest one

strain
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Table 2 The activation strain model at the TDTS of the PKR with
2-heptyne in (5,5)-SWCNT (upper half) and (9,0)-SWCNT (bottom). The
fragment f1 stands for the nanotube and f2 for the CP1 fragment.
Electronic energies in kcal mol™

Structure AEL, (1) AEL, (f2) AEL, AR, AEF
TS1 e, 0n1 12.6 62.9 75.5 -71.1 4.4
TS *peopt 26.0 67.2 93.2 -78.8 14.4
TS1 e, per 21.5 67.2 88.7 —68.2 20.5
TST g o1 12.2 68.6 80.8 -70.4 10.4
TS1™ 4y 011 26.6 64.1 90.7 —80.4 10.3
TS by per 23.0 66.2 89.2 —-71.7 17.5
TS e, par 24.8 63.2 88.0 -82.4 5.6
TS e, bt 11.5 63.2 74.7 —60.4 14.3
TS *peopt 12.0 70.2 82.2 —64.2 18.0
TS by par 26.0 65.0 91.0 -84.6 6.4
TS puy 051 11.2 76.9 88.1 —68.8 19.3
TS1* 4, on1 14.3 70.8 85.1 —60.7 24.4

so that it results in the lowest activation energy. These out-

comes certainly suggest that strain is the main factor influen-
cing the PKR in (5,5)-SWCNT.

In the case of the PKR in (9,0)-SWCNT with 2-heptyne,
AEztrain( f1) in the parallel cycloaddition is higher with a value
of ca. 25 keal mol™, AEztmm( f1) is in the range from 11 to
15 kecal mol™*. On the other hand, AE;ttram( f2) in the parallel
cycloaddition is among the lowest ones (63.2 and 65.0
keal mol™ for the methyl and butyl pathways, respectively). The
total AEEtrain in the parallel cycloadditions are the highest ones
(above 88 kcal mol™), but both pathways also result in the
lowest AE! (~82.4 and —84.6 kcal mol ™" for the methyl and
butyl pathways, respectively) and the lowest activation energies.
As a result, it is concluded that the interaction energy is the
main factor controlling the course of the PKR in (9,0)-SWCNT.
In fact, results in Table S21 and related discussion exactly lead
to the same conclusions regarding acetylene for both types of
SWCNTs. Moreover, in the case of the PKR in (9,0)-SWCNT
with acetylene, an analysis of HOMO-LUMO energies and an
energy decomposition analysis, both related to TS1' (see
Tables S3 and S47), suggest that the orbital interaction term
(better HOMOy,anotupe—LUMOgp, interaction at the TDTS) is the
main factor explaining the more stabilizing interaction energy
for the parallel attack.

Experimental investigations

To confirm the theoretical predictions, we performed the PKR
between three alkynes: 2-heptyne (1a), 1-octyne (1b), 5-methyl-
1-hexyne (1c), Co,(CO)g and two types of CNTs: HiPco SWCNTs
(mixture of metallic and semiconducting SWCNTs in a 1:2
ratio, approximately) and (6,5) enriched SWCNTs (with a 95%
content of semiconducting tubes) (Scheme 4).

Using HiPco tubes, no reaction was observed for alkyne 1a
in N-methyl-2-pyrrolidone (NMP) at 70° C/72 h, neither at 110°
C/24 h. Nevertheless, when the reaction was carried out at
110 °C during 72 h, the comparison of Raman spectra of pris-
tine and PK-functionalized SWCNTs (vide infra) shows clear
evidences of functionalization in the wall of carbon nanotubes.

This journal is © The Royal Society of Chemistry 2018
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Co(CO)g
NMP, 110°/ 72h

a:R=CyHg, R'=CH;
b:R=CgHy3,R'=H

¢: R= (CH,),-CH(CHg)p , R'=H

2a-c 3a

Scheme 4 Chemical modification of SWCNTs under Pauson—Khand
reaction.

These reaction conditions were later used in all reactions with
both, HiPco tubes and (6,5) enriched SWCNTs.

Thermogravimetric analysis (TGA) was used to confirm the
functionalization of CNT samples by comparing the thermo-
gravimetric profiles of the pristine and functionalized
materials under inert atmosphere (Fig. S21). PK-functionalized
SWCNTs show an increase of the weight loss with respect to
pristine SWCNT. The weight lost is lower for the hybrids
formed from the less reactive alkyne 1a. This confirms the
covalent reaction and support the higher reactivity of terminal
alkynes; the absence of significant reaction of (6,5) SWCNT
and alkyne 1a (Fig. S2bt) must be remarked.

Raman spectroscopy clearly shows the degree of
functionalization of HiPco and (6,5) enriched SWCNTs with
the three alkynes la-c (Fig. 4). Firstly, for HiPco SWCNTs
(Fig. 4, top), the low defect-related D-band to tangential
G-band intensity ratio changes from 0.048 to 0.083 for 2a, 0.16
for 2b and 0.12 for 2c after functionalization; in case of (6,5)
enriched SWCNT (Fig. 4, down) similar degree of functionali-
zation changes was observed except for alkyne 1a confirming
the observed by TGA (see above). The increase of D/G ratio con-
firms the increase of defects after PKR and the success of the
reaction. Again, it is remarkable how the degree of functionali-
zation is higher for terminal alkynes 1b and 1c rather than
central alkyne 1a. It should be mentioned here that, after the
PKR, the G-band of the functionalized carbon nanotubes is
shifted to higher frequencies (3-6 cm™") in comparison with
that of pristine SWCNTSs (Fig. S37), thus confirming the p-type
doping of carbon nanotubes as consequence of the attached
carbonyl moiety.'®® The higher shift is visible for the more
functionalization materials. This shift can be also observed in
the 2D band (Fig. S47).'®* Moreover, analysis of the RBM zone
(Fig. S51) shows, for pristine HiPco SWCNT, two contributions,
one at 231 cm™" and the other at 265 cm™" corresponding to a
tube diameter of 1.03 nm and 0.89 nm respectively.'® After
PKR, the band ascribed to lower diameter reduces its intensity
as a consequence of the high reactivity of smaller tubes. Same
behaviour is observed for enriched (6,5) SWCNT, reduction of
the lowest diameter tube (0.89 nm).

Information derived from X-ray photoelectron spectroscopy
is in agreement with Raman spectroscopy data. In XPS, com-
parison of the high-resolution C 1s spectra (Fig. S6-S971) of
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Fig. 4 Raman spectra (excitation wavelength 785 nm) of pristine HipCo
(top) and (6,5) SWCNTs (—) (bottom) and PK-functionalized HiPco (top)
and (6,5) (bottom) enriched SWCNTs with alkyne 1a (—), 1b (-), and 1c
(—). Intensities have been normalized to the G-band (highest peak).

pristine SWCNTs and PK-functionalized SWCNTs (HiPco and
(6,5)) confirms the sidewall covalent functionalization due to
appearance of new carbon component at 285.9 eV corres-
ponding to sp® C atoms,'®* which is visible in all CNT hybrids.

Covalent functionalization is known to quench carbon
nanotubes photoluminescence;'*> so, the emission features of
PK-functionalized SWCNTs were compared with those of pris-
tine SWCNTs, both dispersed in sodium dodecylbenzene sulfo-
nate (SDBS). Photoluminescence maps of pristine enriched
(6,5) SWCNT and PK-functionalized SWCNT with 1b and 1c
are shown in Fig. 5 and Fig. S10f respectively; red shift of
4-8 nm for (6,5) peak are observed after PK reaction, ascribed
to the electron-withdrawing effect of the cyclopentenone ring.
Also, new component at 1117 nm corresponded to E;;~ for-
mation. These results confirmed the (6,5) SWCNTs reactivity
and the formation of defects on the sidewall of CNTs.

On the other hand, (Fig. S11f), from photoluminescence
spectra for functionalized HiPco SWCNT with respect to pris-
tine HiPco tubes, a remarkable intensity variation is evident
despite not being homogeneous for all chiralities. Upon a
more detailed inspection for the hybrids derived from reaction
with 1a, red shifts of peak position are observed for PK-func-
tionalized HiPco SWCNTs (Fig. S117). In particular, the (10,2)
and (8,4) are shifted from 1055 nm to 1062 nm and from
1113 nm to 1118 nm, respectively. Nevertheless, shift of only
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Fig. 5 3D-photoluminescence plot of: (top) pristine (6,5) enriched
SWCNTs and (bottom) PK-functionalized (6,5) enriched SWCNTs with
1b in D,O at room temperature.

0-1 nm is observed for (9,4) and (7,6) peaks. Similar shifts are
observed for reaction with 1b and 1c. As a final remark, the
results obtained by the experimental investigation corroborate
the theoretical predictions: SWCNTs can be indeed chemically
functionalized via the PKR with accessible energy barriers for
the semiconducting and metallic types.

Conclusions

We theoretically and experimentally studied the Pauson-
Khand reaction (PKR) catalyzed by Co,(CO)g between carbon
monoxide, several alkynes, and three types of single-walled
carbon nanotubes (SWCNTs). Accurate and broad quantum
chemical exploration of this [2 + 2 + 1] cycloaddition provided
evidence for an alternative reaction mechanism operative in
SWCNTs that appears to be more viable than the traditional
mechanism proposed by Magnus. In the mechanism that we
established, the turnover-frequency determining transition
state (TDTS) of the PKR is given by the nanotube-insertion
step, TS1'. For metallic and semimetallic SWCNTSs reacting
with acetylene, the associated Gibbs activation energy of
29 keal mol™ is too high to be viable under laboratory con-
ditions. On the other hand, the effective Gibbs energy barrier
in the PKR with 2-heptyne amounts to 27.2 kcal mol™" for the
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semimetallic (9,0)-SWCNT, 22.6 kcal mol™" for the metallic
(5,5)-SWCNT, and only 15.8 kcal mol ™" for the semiconducting
(6,5)- and (8,0)-SWCNT. These results suggest that semicon-
ducting SWCNTs react faster than any other, although metallic
ones are also prone to PK-functionalization because of the
accessible energy barrier of 22.6 kcal mol™'. Moreover, the
cycloaddition is regioselective as it takes place exclusively at
the oblique position of armchair SWCNTs and at the parallel
position of zig-zag SWCNTSs.

Finally, guided by our theoretical predictions, we were able
to generate PK adducts of SWCNTs using one central and two
terminal alkynes in the laboratory under simple heating. Both
mixtures of metallic/semiconducting and enriched semicon-
ducting SWCNTs were PK-functionalized in agreement with
the theoretical results. The characterization based on Raman
spectroscopy supported by XPS, TGA, and photoluminescence
analyses confirmed the successful synthesis of PK adducts.
Terminal alkynes showed a higher reactivity. In addition, the
PKR did not proceed with alkynes of lower molecular weight,
which is in accordance with the higher DFT energy barriers
predicted for the PKR with acetylene. We envisage that our pro-
posed mechanism for the PKR may help develop synthetic
routes more efficiently.

Experimental details

A suspension of pristine HiPco SWCNTs or enriched (6,5)
SWCNT (10 mg) in N-methyl-2-pyrrolidone (NMP) (25 mL) was
sonicated for 15 minutes and then the alkyne (0.83 mmol) was
added. On the other hand, a suspension of Co,(CO)g
(0.083 mmol) in NMP (25 mL) was sonicated for 15 minutes
and then added to the suspension of pristine SWCNTs and
alkyne 1a-c. The reaction mixture was stirred at 110 °C for
72 hours under inert atmosphere. After cooling to room temp-
erature, the suspension was filtered with a PTFE membrane
and the solid was washed successively with NMP and CH,Cl,.
The black solid was dispersed in 3 mL of water/SDBS 5 wt%.
The solution was first sonicated in bath sonicator for
30 minutes; next, the obtained solution was sonicated for
1 min using a tip sonicator. The PK-functionalized SWCNTs
were exfoliated after these treatment, and the undissolved par-
ticles that correspond to the unreacted Co,(CO)s were settle
after centrifuged for 1 min under 3000 rpm. The obtained
dark solution was then centrifuged at 14 000 rpm to deposit
the PK-functionalized SWCNT. The black solid was washed
subsequently with water and acetone to remove the excess of
SDBS.

Computational details

All calculations were done with the Amsterdam Density
Functional (ADF, 2013) program at the BP86-D;BJ level of
theory.'%'® Molecular orbitals were expanded in uncon-
tracted sets of Slater-type orbitals (STOs) of double-{ (DZP: for
H, C, O atoms) and triple-{ quality (TZP: for Co) containing
one set of polarization and diffuse functions. The frozen-core
approximation (FCA) was employed for the 1s core of carbon
and oxygen atoms, and the 1s2s2p core of Co.'°® The FCA has
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been shown to have a negligible effect on the geometry optim-
ization procedure.'’”'*® In addition, scalar relativistic correc-
tions were added within the zeroth-order regular approxi-
mation (ZORA).""’

All geometry optimizations were performed by the quantum
regions interconnected by local descriptions (QUILD) code.'*°
This latter works as a wrapper around the ADF program since
it creates input files for ADF, then executes this program and
collects energies and gradients. QUILD uses adapted deloca-
lized coordinates and constructs model Hessians with the
appropriate number of eigenvalues; which results in an advan-
tage in the determination of transition state structures.'*! All
the stationary points were analyzed through analytical
vibrational frequencies as calculated at the BP86(D;-BJ)/DZP
(TZP: for cobalt) including FCA and ZORA. Low frequencies
were recalculated via the scanfreq keyword'® since frequencies
that have a small force constant are more sensitive to the
numerical noise. For a more detailed description of the deter-
mination of stationary points, see the ESL{

Electronic energies were corrected in a single-point
approach at the O3LYP'**"**(D;-B])/TZP//BP86(Ds-BJ)/DZP
(TZP: for cobalt) level of theory including FCA and ZORA.
Solvent effects due to N-methyl-2-pyrrolidone (with a dielectric
constant of 33.0) were incorporated via the conductor-like
screening model (COSMO)"** as implemented in ADF. Gibbs
energies were determined from the corrected electronic ener-
gies. Furthermore, corrections of the zero-point energy,
thermal contributions to the internal energy, and the entropy
term were computed from vibrational frequencies at 298.15 K
considering an ideal gas in standard conditions. In a perform-
ance test of various functionals, we have verified that our
O3LYP-corrected approach reproduces best the activation
Gibbs energy obtained from kinetic studies based on 'H
nuclear magnetic resonance spectroscopy (complete details in
Fig. S12 and Table S57).'*°
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